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The ESR signals under discussion are characterized by g values in the range of 2.002-2.007 and by widths, measured between points of maximum slope, in the range of 1-20 gauss. Such signals may be produced by organic free radicals or by unpaired electrons trapped in an extensive lattice, as in a semiconductor. They are not of the type produced by paramagnetic ions of the transition elements, or by molecules in triplet states.2 For purposes of the following discussion, we attribute the observed ESR signals to "unpaired electrons," giving this term the meaning of implying either organic free radicals (relatively small molecules containing an unpaired electron) or has been employed to record changes that occur in times of the order of 1-100 msec. These initial data provide new information regarding the mechanisms responsible for the generation and decay of the free radicals associated with photosynthesis.
Materials and Methods.-Measurements have been made on (a) whole cells of R. rubrum cultured anaerobically, (b) whole cells of Euglena, cultured aerobically, and (c) whole cells of Chlorella, aerated with 5% CO2 in air. The ESR spectrometer used in these studies is basically the same as used in previous work.' Magnetic field modulation at a frequency of 1 Mcps is used with phasesensitive detection, which gives a signal representing the derivative of the absorption in the usual manner. However, the usual noise-integrating and recording system is not used. The signal is integrated in the phase-sensitive detector for a fraction of a millisecond only, mainly to remove frequencies related to the modulation frequency; then it is fed directly into the computer.
White light from a zirconium arc is directed through an aperture in the spectrometer cavity onto the sample cell by a lens system which includes a shutter and a photocell for monitoring the beam incident on the sample. The shutter can be operated automatically in a repeated on-off cycle of variable duration. The computer is arranged in one of two ways: (a) with the ESR spectrometer held at a fixed magnetic field corresponding to the position of the maximum deflection of the ESR derivative signal, the amplitude of the deflection is recorded by the computer memory bank as a function of time over a period in which the light is turned on, or off, or both. Repetitive on-off cycles are then carried out, with the computer adding each successive timesweep, theieby recording an over-all average for the total number of sweeps carried out. (b) The ESR spectrometer is driven through a 100-200 gauss span of the magnetic field centered around the expected ESR signal during a fixed time (in these experiments, 1 see). The computer is arranged to record the meter deflection as a function of magnetic field, triggered by the shutter, or externally. In this manner, the computer records the ESR signal (absorption derivative as a function of magnetic field) during a fixed interval after the onset of illumination. Repetitive cycles of this type are carried out, and the summed values are recorded by the computer.
For the second type of experiment the ESR spectrometer is equipped with a special magnetic field regulator and scanner. In this system, the magnetic field is sensed by a sample of a stable free radical sample (ca. 100 mg of diphenylpicrylhydrazyl) which is in a microwave circuit powered by a fraction of the power used for the ESR measurement. This microwave circuit is designed to produce an error signal, which enters into the magnet power supply in such a way as to maintain the magnetic field at the resonant value for the free radical. A small coil is placed around the hydrazyl sample to produce an additional field proportional to the current flowing through it. This current is provided by a sweep circuit and is used to produce the X-input of an X-Y recorder. As this current changes, the feedback action maintains the field constant at the hydrazyl sample, but in doing so it changes the field in the main part of the magnet gap by an amount precisely proportional to the current. Thus, the effects of magnet hysteresis, temperature changes, and stray magnetic fields are avoided, and rapid linear changes in magnetic field can be obtained over the range required to observe the ESR signal.
By the foregoing means, it is possible to record average curves from several hundred repeated signals, which show either the change in the intensity of the ESR signal as a function of time after the onset or cessation of illumination, or the actual shape of the light-induced ESR signal at a predetermined brief interval after illumination. ment shows that the response time is 0.5 h 0.2 msec (i.e., the time for the spectrometer to exhibit one half its full response to an imposed signal). Neither can this lag be ascribed to a light intensity threshold effect, since it is also observed when the intensity is one half that used in the experiment reported in Figure 3 
MILLISECONDS
The presence of a corresponding delay in the decrease of the ESR signal during a dark period following illumination is shown in Figure 4 , which is a record of the ESR signal intensity during a 62.5-msec period after the shutter has interrupted the light beam. The instrument settings and the preparation of the R. rubrum are comparable to those in Figure 3 . It can be seen that a delay lasting at least 2-3 msec in the response of the ESR signal to cessation of illumination is present.
The foregoing experiments describe changes in ESR signal intensity at a single magnetic field which is chosen to correspond with one of the two positions of maximum deflection in the absorption derivative shown in Figure 1 . However, since the latter is determined some minutes after the onset of light, it is not necessarily descriptive of the ESR signal present during the first second after onset of light. As indicated in Materials and Methods, by linking the "CAT" computer to a spectrometer equipped with a magnetic field regulator, it is possible to determine the total ESR absorption derivative at a brief interval after onset of light. Figure 5 illustrates such an experiment, in which the entire span of magnetic field in which the signal occurs is scanned in a period of about 300 msec following onset of light. The signal is quite similar to that observed under steady illumination with respect to g value, but is somewhat wider (an effect which may be due to instrumental conditions The observed signal may represent unpaired electrons in some relatively stable lattice trap, the 2-3 msec lag reflecting the mean time required for the electrons to reach the trap. Alternatively, they may be due to the chemical redox processes activated in photosynthesis.
Thus, at least two processes, the primary act of light absorption (i.e., the elevation of the absorber to an excited state) and an energy or electron transfer process, precede the formation of unpaired electrons which give rise to the ESR signal exhibited by R. rubrum. Figures 2 and 3 show that the unpaired electrons, once formed, are subject to a decay process with a time constant of about 30 msec. The intensity of the ESR signal represents the resultant concentration of unpaired electrons established by the two preceding processes and by the decay process, which nay itself be a complex of parallel or successive events. On illumination, the initial processes generate an increasing concentration of unpaired electrons which, in view of the above relationship, accelerates the rate of decay. The resultant is a kinetic curve for the appearance of the ESR signal following onset of illumination which exhibits, approximately, the time constant and monotonic character of the decay process.
Further kinetic studies, both in photosynthetic bacteria and in green algae, are in progress. If signal-to-noise ratios permit, a study of the details of the kinetic curves may provide data on the sequence of reactions involving unpaired electrons, the rate constants for these reactions, and the influence of temperature and other relevant parameters on them.
Summary.
- (1) 
Following either onset or cessation of illumination, R. rubrum exhibits a 2-3 msec lag before the resultant change in ESR signal intensity begins. This result shows that the unpaired electrons associated with the ESR signal are not due to a light-excited state of the primary absorber in photosynthesis. In R. rubrun photosynthesis one or more electron or energy transfer processes must intervene between the primary light absorption event and the generation of unpaired electrons.
(4) The data suggest that the kinetic changes in ESR signal intensity exhibited by R. rubrum on onset or cessation of illumination are chiefly governed by the rates of one or more processes which result in the decay of the unpaired electrons generated by light.
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